1. A method is described for the determination of the pH of intracellular water based on the distribution of ['4Clbenzoate (0.01 mM) between intra-and extra-cellular water. 2. Benzoate at higher concentrations (2-10mM) enters the yeast cell in the undissociated form, and its neutralization within the cell can cause a shift of the pH of the intracellular water by more than 1 pH unit. 3. Benzoate causes an accumulation of the two hexose monophosphates of yeast glucose fermentation and a decrease in intermediates beyond phosphofructokinase, suggesting inhibition at this stage. Benzoate also causes a concomitant fall in [ATPI. 4. Phosphofructokinase is inhibited to a greater extent than hexokinase at acid pH. 5. There is a relationship between intracellular pH, phosphofructokinase inhibition and CO2 production, suggesting that the antifungal action of benzoate is caused by an accumulation of benzoate at low external pH, which lowers the intracellular pH into the range where phosphofructokinase is sensitive. The subsequent inhibition of glycolysis causes a fall in [ATPI and thus restricts growth.
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It has been known for over 100 years that benzoate inhibits fungal growth (Salkowski, 1875) , and because of its antifungal action it has been widely used (at concentrations of 5-10mM) for the preservation of acid foods such as fruit juices, pickles, wine and pharmaceutical preparations. Information on the mechanism of action of agents used as drugs or food preservatives is relevant to the assessment of the efficacy as well as of the risks involved. The extensive earlier literature on the use of benzoate at 0.1% (w/v) as an antifungal agent has often been reviewed (Wiley, 1908; Bosund, 1962; Sinskey, 1980) . The inhibitory effect of benzoate increases with a lowering of the pH in the suspending medium (see Bosund, 1962) . In an acidic medium the undissociated form of the benzoic acid (to which the yeast cell membrane is permeable) enters the cell until the concentrations inside and outside the cell become equal. The neutralization of the undissociated form by the cell buffers cause an acidification of the cell interior which ultimately inhibits cell growth. How- ever, the precise mechanism of antifungal action has not been elucidated, and the experiments described in this paper are designed to examine the effect of benzoate on yeast cells in an attempt to define its site of action.
Experimental Yeast
A strain of baker's yeast (Saccharomyces cerevisiae) was isolated from a commercial sample grown for 24 h at room temperature in medium containing 2% (w/v) Bacto-yeast extract, 0.5% (w/v) Bacto-peptone (both from Oxoid, Basingstoke, Hants., U.K.), 0.1 M-KH2PO4 and 2% (w/v) glucose. Of this medium 100 ml was placed in 1-litre Roux bottles, laid flat. The collected cells were washed twice with distilled water, and the sediment after centrifugation (2min at 1500g) was weighed and suspended in 3vol. of water. The dry weight of the suspension was measured by drying 1 ml at 1050C. The wet weight was obtained by centri- 
Metabolite assays
The following methods were used for the determination of metabolites: pyruvate (Hohorst et al., 1959) ; glucose 6-phosphate and fructose 6-phosphate (Hohorst, 1963) ; fructose 1,6-bisphosphate and triose phosphate (Michal & Beutler, 1974) ; ATP (Lamprecht & Trautschold, 1963) ; ADP and AMP (Adam, 1963 (from a solution at pH 6.5), 3 mM-NH4+, 0.3 mmcitrate, 0.15 mM-NADH and 1 unit each of aldolase, glycerol 3-phosphate dehydrogenase and triose phosphate isomerase (the enzymes dialysed against 10mM-Tris/HCl, pH8, for 2h). In addition 0.9mm-glucose 6-phosphate was added at the concentration corresponding to the equilibrium of glucose phosphate isomerase to prevent the latter from lowering the concentration of fructose 6-phosphate. For the assay of hexokinase the additions were 10mM-glucose, 1 mM-MgATP, 0.5 mm-NADP+ and' 1 unit of glucose 6-phosphate dehydrogenase.
Calculation of the intracellular pH of yeast cell water from the distribution of benzoic acid between external medium and cells
The calculation is based on the assumption that the benzoate anion (R-CO2-) does not pass through the yeast membrane but that the undissociated acid (R-CO2H) passes through readily and reaches the same concentration in both intra-and extra-cellular water. It is further assumed that extracellular pH, the total benzoic acid concentration (R-CO2H + R-CO2-) in intra-and extra-cellular water, and the dissociation constant, K, of benzoic acid (6.30 x 10-5 at 250C) are known. [ (Conway & Downey, 1950) of the wet weight.
Results and discussion Effect ofbenzoate on intracellular pIl
It is known (Bosund, 1960; Macris, 1975 (1953) , and maximal values are already observed at pH 2.5 (results not shown).
In the presence of 2 mM-benzoate, 68-43% inhibition of CO2 production is seen at the lower pH values (3.5-4.5), whereas in the presence of 5 mMbenzoate the inhibition is complete at pH 2.5 (results not shown) and is only overcome when the external pH approaches pH 5.5. This result demonstrates clearly the effectiveness of benzoate at the lower external pH values. Effect ofbenzoate on the intermediary metabolites of yeastfermentation
In an attempt to pinpoint the site of action of benzoate on anaerobic fermentation, glycolytic metabolites in the presence and absence of benzoate were measured (Fig. 1) . Over a 40min time course benzoate caused an increase over the control values for both glucose 6-phosphate and fructose 6-phosphate. However, fructose 1,6-bisphosphate and triose phosphate were markedly decreased compared with their controls. Pyruvate was also decreased, and separation of cells from medium showed that much of the pyruvate was in the medium, whereas the phosphorylated intermediates were all found in the cell pellet. The accumulation of the two hexose phosphates and the fall in the concentrations of all intermediates measured beyond the stage of fructose 6-phosphate indicate that benzoate causes a block at the stage of phosphofructokinase.
Another striking effect of benzoate was the fall in the concentration of ATP (Fig. 2) and an approximately equivalent increase in the concentration of AMP. There was a relatively small increase in the concentration of ADP, but very little change in the concentration of total adenine nucleotides.
The block at the stage of phosphofructokinase raises the question whether this enzyme is specifically inhibited by benzoate. Tests on a highly purified enzyme with up to 50mM- roughly equivalent to the loss of pyrophosphate bonds incurred by the conversion of ATP into AMP and ADP (2.13,umol (Banuelos et al., 1977; Sols et al., 1981) . Accordingly, the assay of the effect of pH on its activity was studied at concentrations of substrates and effectors within their physiological range as described in the Experimental section. Under these conditions phosphofructokinase was found to be markedly more sensitive to a decrease in pH in the range observed in yeast after treatment with benzo- ate (Fig. 3) . The pH-activity curve for hexokinase is similar to that reported by Sols et al. (1958) . The greater sensitivity of the phosphofructokinase to a lowering of the pH may account for the observations in the intact cell.
Correlations between CO2 production, phosphofructokinase activity and intracellular pH When CO2 production and phosphofructokinase activity are plotted against intracellular pH and pH in the medium respectively, the profiles are reasonably similar if phosphofructokinase activity is assayed in the presence of the recently discovered activator fructose 2,6-bisphosphate (Hers & Van Schaftingen, 1982) at 3pM concentration, physiological for glycolysing yeast (C. Gancedo, personal communication) (Fig. 4) . The differences in the yeasts used for the two kinds of observations can probably account for the relatively minor differences. It is therefore likely that the fall in intracellular pH caused by the accumulation of benzoic acid at low external pH inhibits glycolysis at the stage of phosphofructokinase, thus depleting the cell of ATP and in consequence restricting its growth.
Effects ofacids other than benzoic acid on yeast Many other acids act in the same way as benzoic acid provided that (1) their dissociation constants are of the same order of magnitude, (2) the undissociated acid is sufficiently lipophilic to cross the cell membrane, (3) the membrane is imperme- . Relationship between CO2 production, phosphofructokinase activity and intracellular pH The measurements were made as described in the Experimental section. CO2 production and intracellular pH were measured in the presence of 5 mM-benzoate and 100mM-glucose. 0, Phosphofructokinase activity in the presence of 3,uM-fructose 2,6-bisphosphate; 0, CO2 production. Enzyme activity is expressed relative to the maximal activity at pH6.5. able to the anion. Such acids as salicylate [whose antifungal action has been known since 1875 (von Meyer & Kolbe, 1875; Salkowski, 1875)], sorbate and acetate caused a fall of intracellular pH and inhibited the anaerobic fermentation of glucose by more than 95% when added to yeast cells suspended in the tartaric buffer at pH 2.5. The mechanism of action is therefore likely to be similar to the mechanism described for benzoate.
